Abstract
Introduction
Over the last decade there has been a noticeable expansion in the development of raster-based land-cover data sets (e.g., Loveland et al., 1991; Scott et al., 1993; Dobson et al., 1995;  Loveland et al., 1996; Scott and Jennings, 1998; Vogelmann et al., 2001) . When combined with other geographic data in a geographic information system (GIS), it is possible to generate suites of measurements for environmental applications (e.g., Jones et al., 1997; Wickham et al., 1999; Mehaffey et al., 2001) . Use of GIS is now commonplace for generation of metrics to assess the environmental quality of an area. Land cover, roads, streams, and other spatial data can be combined to generate many measurements of environmental quality (Forman and Alexander, 1998) . Simple metrics such as road density are useful for habitat assessments (Lyon, 1979; Lyon, 1983; Thiel, 1985; Cox et al., 1994; Forman and Alexander, 1998) , and are also important for estimates of impervious surface (Arnold and Gibbons, 1996) . Overlays of land cover or roads with streams can provide useful measurements of riparian habitat and water quality (Peterjohn and Correll, 1984; Osborne and Kovacic, 1993; Jones et al., 1997; Wickham et al., 2002) .
The native format of several data layers used in metric generation, such as roads, streams, and soils, is typically vector (USGS, 1989; Bliss and Reybold, 1989) , while land cover and slope are more typically raster (Loveland et al., 1991; Scott et al., 1993; Dobson et al., 1995; Scott and Jennings, 1998; Loveland et al., 1999; Vogelmann et al., 2001) . Derivative measurements that combine raster and vector data require conversion of all data to either the vector or raster domain for processing.
Historically, it has generally been accepted that raster calculations were faster, while vector methods gave higher accuracy (Kennedy and Meyers, 1977) . In the past, landscapelevel and larger studies used raster methods because computer hardware and software limitations prohibited use of vector methods. The rule of "raster is faster, vector is better" still holds true with the possible exception of very fine-scale (small cell size) raster processing.
Errors related to integration of remotely sensed data into GIS were reviewed by Lunetta et al. (1991) , while Walsh et al. (1987) quantified operational error resulting from overlaying remotely sensed data in a GIS. Several studies have documented the errors associated with the vector to raster or raster to vector conversion process (Clarke, 1985; Veregin, 1989) . Much of this work focused on area (polygon) conversions and the affects of polygon size and shape and raster cell size (Wehde, 1982; Carver and Brunsdon, 1994; Congalton, 1997) . Linear conversion errors are less well studied, but Theobald (2000) found length measurement errors increased with increasing raster resolution. However, little work has been done on how raster and vector methods, and their associated conversion errors, affect landscape metrics or whether those errors are large enough to impact environmental assessments. Bettinger et al. (1996) showed how polygon conversion affected some forest patch metrics, and Wickham et al. (1996) showed that some measurements can be dependent on data format.
Many landscape metrics are used in environmental assessments Jones et al., 1997; O'Neill et al., 1997; Wickham et al., 1999; Jones et al., 2001; Mehaffey et al., 2001; Wickham et al., 2002) . Assessments often cover large areas, and metrics are usually calculated using raster methods. The objective of this paper is to determine whether the differences in metric values generated from vector and raster GIS methods might affect assessments based on the metric values. We calculated four commonly used landscape measurements by watershed across the state of Maryland and compared results by method. Comparisons were made with paired t-tests, which determined the statistical significance of the differences between methods, and Spearman rank correlations, absolute differences, and cluster analyses, all of which assessed the importance of the differences to environmental assessments.
Methods
Four GIS-based measurements of environmental quality were chosen based on their frequent use and mix of vector and raster data inputs. They were (1) land-cover proportions by watershed (LCP), (2) land-cover proportion adjacent to streams (LCS), (3) land-cover proportion in riparian zones (LCRZ), and (4) road density in riparian zones (RDST).
We reported metric values by 12-digit watersheds for the state of Maryland (Figure 1 ), which supplied 1041 assessment units (watersheds) at a scale that would be used by environmental managers. Maryland was chosen for its high degree of diversity. The state covers four physiographic provinces (Coastal Plain, Piedmont, Valley-and-Ridge, Appalachian Plateau) , and the watersheds provided a full gradient of homogeneous to heterogeneous land cover, so our results should be applicable in other areas.
Native vector data included watershed boundaries, roads, and streams. Watersheds were obtained from the Maryland Department of Natural Resources (MD DNR). For roads, we used the Wessex Streets (version 7.0), and we used the USGS Digital Line Graph (DLG) hydrography data for streams. Hydrography date were not available for one quadrangle in western Maryland (McHenry) or any of the Washington, D.C. area. As a result, only 1015 watersheds were available for metrics that required stream data.
The National Land Cover Dataset (NLCD; Vogelmann et al., 2001 ) was used to calculate all land-cover proportions. These data were derived from Landsat TM and other ancillary data (Vogelmann et al., 2001) and closely follow an Anderson Level II classification (Anderson et al., 1976) . We reclassified the 21 class legend into six classes: forest, developed (urban), agriculture, water, wetland, and barren. Land-cover proportions were based on terrestrial area only (i.e., the water class was ignored). These data were obtained in raster format, with a 30-meter spatial resolution.
Metrics were generated using Arc/Info workstation version 8.1 with the Grid extension (ESRI, 2002) . The software used the dominant method in converting vector to raster, so each cell was assigned the value of the polygon that occupied the largest amount of cell area. All raster datasets were created such that cell boundaries were coincident with land-cover cells. To convert raster to vector, polygon boundaries followed cell edges. The minimum polygon size was a single pixel, or 900 square meters. No polygons were eliminated or aggregated.
Proportion of Land Cover (LCP)
The proportion of land-cover types is a commonly used measurement of overall environmental quality at regional scales Paul et al., 2002) . It is routinely included in software packages that provide an array of landscape measurements (Baker and Cai, 1992; McGarigal et al., 1995) . In vector processing, the land cover was converted to polygons, and intersected with the vector watershed boundaries. Proportions of each land-cover type were then calculated for the watersheds. In raster processing, the land cover was left in its native raster format and overlaid with a rasterized watershed boundaries, then proportions were calculated.
Land Cover Adjacent to Streams (LCS)
The extent to which other land-cover types replace forest in the riparian zone can be used as a local (Peterjohn and Correll, 1984) , regional (Lowrance et al., 1997) , and national Swift, 1984) measurement of water quality and habitat impacts. Land cover adjacent to streams utilized both vector (streams) and raster (land-cover) data. In the vector processing, land cover was again converted to polygons and overlaid with streams. Land-cover proportions were calculated as the ratio of stream length passing through each cover type to total stream length in the watershed. For raster processing, streams were rasterized using a 30-meter cell size, and overlaid with the land-cover grid. Proportions were calculated as the ratio of the number of cells of each cover type to total number of stream cells in the watershed.
Riparian Zone Land Cover (LCRZ)
This metric is a combination of LCP and LCS, because it computed the proportion of land cover within a buffer zone around streams. In the vector processing, streams were buffered by 45, 75, 105, 135, and 165 meters on each side, resulting in riparian corridors of 90, 150, 210, 270, and 330 meters, respectively. These buffers were then intersected with polygon land cover. The land-cover proportions were calculated as the ratio of area of each cover type within the buffer zone to total area of the buffer zone in the watershed.
Two raster methods, both based on the rasterized streams used in the LCS metric, were used to create buffers for the LCRZ measurements. In addition, a hybrid vector/raster method was used to generate buffers. The first raster method (hereafter EXP) "grew" the rasterized streams by a specified number of cells by adding cells that were adjacent to a rasterized stream cell in either a cardinal or diagonal direction. This process was performed with one, two, three, four, and five cell expansions, which resulted in total swath widths of 90, 150, 210, 270, and 330 meters, the same as for the vector buffers. This is the easiest and most commonly used method to generate raster buffers.
The second raster method (hereafter EUC) used Euclidean distance to locate cells with centers within 30, 60, 90, 120, and 150 meters of a rasterized stream cell center. Because the streams were represented by a 30-meter cell, this also resulted in total swath widths of 90, 150, 210, 270, and 330 meters. The buffers were then overlaid with the raster land cover to determine proportions.
The hybrid method used buffers created as a vector process from vector streams. The buffers were then rasterized and overlaid with raster land cover to compute proportions.
Roads Density in Riparian Zones (RDST)
RDST measured length of roads within 45, 75, 105, 135, and 165 meters of a stream. In vector processing, streams were buffered as in the riparian zone metric and overlayed with roads. The RDST value was the total road length within the buffer divided by total stream length in the watershed, multiplied by 1000 (meters of road per kilometer of stream). Raster processing required conversion of both roads and streams from vector to raster format with a 30-meter cell size. Streams were then buffered using the EXP and EUC raster methods and overlaid with roads. The number of road cells within the stream buffer was divided by total number of stream cells in the watershed and multiplied by 1000 to calculate RDST. The hybrid process used in the LCRZ metric was also used here. Vector streams were buffered, and the buffers were rasterized and overlaid with rasterized roads to calculate road density near streams.
Statistical Analyses
Comparison of metric results between vector, raster, and hybrid methods included paired t-tests, average absolute difference (AAD), Spearman rank correlation, and cluster analyses. The objective of the t-tests was to determine whether differences in metric values between methods were statistically significant. The objectives of the Spearman r, AAD, and cluster analyses were to assess the importance of any statistically significant differences to an assessment.
A two-tailed, paired t-test (␣ ϭ 0.05) was performed separately on each of the five land-cover classes for each metric except RDST, which did not use land cover in its calculation. The paired t-test null hypothesis was that the mean difference between the two methods was 0. The paired t-test uses differences between cases in its calculation, so even a small bias in either the positive or negative in the case differences may result in the rejection of the null hypothesis. Because of this, we also report the AAD, or |vector Ϫ raster|, averaged across all observations.
Many environmental assessments assign units to groups based on metric scores O'Neill et al., 1997; Wickham et al., 1999) . T-test results may identify significantly different estimates, but cannot indicate whether such differences would result in assignment to a different group. Spearman r and cluster analyses were used to determine whether differences in metric values between raster and vector formats changed group assignment. High values of Spearman r between methods would indicate that the rank ordering of watersheds did not change despite differences discerned by the paired t-tests. Consequently, grouping (e.g., quantiles) watersheds would not be impacted by processing method.
Cluster analyses only included LCP, LCS, and the 165-meter buffer for LCRZ and RDST. The results from all buffer sizes for LCRZ and RDST were highly correlated, so we chose to use the 165-meter buffer as an intermediate scale between stream bank (LCS) and entire watershed (LCP). Metrics for each method were converted to principal components (PC) so that uncorrelated data were used in the cluster analyses. Each method produced four PCs with eigenvalues greater than one that explained at least 92 percent of the variance (cumulative) in the original data, and eigenvector loadings that were consistent across all methods. The PCs were output standardized to a mean of zero and unit variance, because cluster analysis is sensitive to differences in magnitude in the input data. The SAS procedure FASTCLUS was used with the maximum number of clusters set to ten. The first iteration of the clustering was taken as the final output, so that seed selection did not influence final cluster assignment. Ten was chosen for the maximum number of clusters because it was assumed that inspection of more groups would make it difficult to incorporate the information into management-related assessments.
There is negligible thematic error in converting land cover from raster to vector in Grid because polygon boundaries coincide with cell boundaries, but this is not true when converting native vector data to a raster format (Veregin, 1989; Congalton, 1997) . Therefore, vector results were treated as "truth," or the reference to which raster and hybrid results were compared in our analyses.
Results
Both methods gave very similar results for the LCP metric. In the paired t-test, no significant difference was found between methods for any land-cover type except wetland (Table 1, Figure 2 ). AADs were less than 0.02 percentage points for all land-cover classes. Spearman r scores were 0.999 or higher for all land-cover types. The LCS paired t-test found significant differences between methods for all land-cover classes, but the AADs were less than 0.9 for all classes. Spearman correlations were 0.997 or higher (Table 1, Figure 2) .
The LCRZ paired t-test showed significant differences between vector and both raster methods for nearly all land-cover classes and buffer sizes. Exceptions were the forest class 45-meter buffer (EXP method only) and the 45-and 75-meter buffers (EUC method only). Results were also significantly different between vector and hybrid results for smaller buffers, but no significant differences were found for developed or barren at 105 meters and larger or wetland at 135 and 165 meters. Furthermore, there was no significant difference between vector and hybrid methods for any land-cover type in the 165-meter buffer. There was no discernible trend between vector and EXP results across buffer widths, but vector/hybrid comparisons became increasingly more similar as buffer size increased. Vector versus EUC results also became more similar except for the 135-meter buffer. AADs were lowest for the hybrid method for all buffers and land cover. EUC AADs were consistently next lowest, and EXP AADs were always highest. Spearman correlations were lowest for barren for all methods, ranging from 0.980 to 0.997. For all other land-cover types, the correlations were 0.998 or higher (Table 2, Figure 2 ) . The paired t-test reported significant differences between vector and all three methods for the RDST metric for all buffer sizes. AADs were between 7 and 121 (meters of road/km of stream), with the hybrid method having the lowest values. Spearman r results were between 0.986 and 0.996 for all methods and buffer sizes (Table 2) .
Cluster analyses produced nearly identical groupings for vector, EUC, and hybrid methods. Pairwise comparison of vector versus EUC and vector versus hybrid show agreement for 1000 of 1015 watersheds (98.5 percent), and comparison of the vector and EXP method agreed on 88.2 percent of watersheds (Table 3) .
Raster (EXP) processing was significantly faster than vector processing. To generate all four metrics (including all necessary format conversions) took slightly over 10 minutes using EXP methods to almost 15 hours for vector methods, or over 80 times faster for the EXP method. EUC processing time for LCRZ and RDST was similar to EXP. The processing time for LCRZ and RDST with hybrid methods was five hours. In addition, vector files were significantly larger than raster files. For example, the reclassified land cover for the state of Maryland was 430 MB as a vector Arc/Info coverage, and contained over 900,000 polygons with an average size of almost 35,000 square meters. The land cover in grid format was only 11.4 MB. In general, vector files were 35 to 55 times larger than their raster counterparts.
Discussion
ArcInfo uses the dominant-area method to convert polygons to raster. Along watershed boundaries, land-cover cells are assigned entirely to the watershed that contains the most area in the cell. Vector processing allows the cell to be split and parts assigned to different watersheds. This edge effect has little impact when the reporting unit is significantly larger than the pixel size and perimeter to area is low, as in LCP, but has much more influence on metrics like LCRZ. The LCP vector and raster results were very similar with the exception of wetlands. Wetland is a relatively rare class in Maryland, mostly found near the coast, which is also the watershed boundary and has a complex shape. The high ratio of wetland on a boundary edge to total wetland magnified the edge effect error, and the paired t-test reported a significant difference between methods.
In the conversion of linear vector data like streams to a raster format, any cell that is intersected by any length of one or more streams is considered a stream cell in the output. There is no distinction between a cell that contains a very short length of stream and one that contains a long stream length (Figure 3 ). This phenomenon accounts for all of the differences in LCS between methods and can be mitigated by decreasing the cell size. The LCRZ and RDST raster results were affected by the buffers used for these metrics. Despite the attempt to make buffers as similar as possible, total area contained within the vector buffer area was much smaller than either raster method for every watershed and all buffer widths. This difference was not related to data conversion but was simply a limitation of raster processing. Raster buffers became more similar in size to vector buffers as buffer width increased, but EUC converged much more quickly than EXP (Table 4 ). The average vector and hybrid areas per watershed were very similar for all buffers (Table 4) , but edge effects were large enough to show significant differences in the paired t-test for small buffers. As buffer size increased, perimeter to area decreased, and hybrid values converged with vector values (Table 2, Figure 2) .
The larger area in the raster buffer areas altered the proportions of land cover contained within the buffers. The 45-meter EXP and the 45-and 75-meter EUC paired t-test showed no significant difference from vector values for proportion of forest. This indicates that the forest proportions were similar in the smaller vector buffer and larger raster buffers, but other land-cover types were not. The differences between vector and EUC buffer sizes and associated AAD values were highly correlated for all land-cover types (r 2 between 0.92 and 0.98), indicating that most of the differences in metric values were due to buffer creation methodology.
The area contained in the buffers is particularly important when the metric has a known area of influence. As a hypothetical example, if it is known that habitat for a certain species must be within 60 meters of a stream, an EXP buffer will include more area and possibly overestimate potential habitat.
Stream location can also affect buffer creation. A stream positioned near a raster cell edge is treated as if it ran down the center when rasterizing, essentially shifting the buffer associated with the stream (Figure 3 ). This shift may alter the composition of the land cover within the buffer, with changes more likely in small buffers and heterogeneous landscapes (many small patches) than larger buffers and homogeneous areas.
While t-tests often indicated statistically different values, Spearman r values for all metrics indicated that all watersheds would show nearly identical rank orders regardless of the method. The lowest Spearman r values were 0.981. Thus, an assessment based on groupings of watersheds by rank orders would not be affected by the method used to calculate the metrics.
Cluster analyses were largely consistent with the Spearman r results. Nearly all (over 98 percent; Table 3) watersheds were assigned to the same group across vector, Euclidean (EUC), and hybrid (H) methods. Only the expand (EXP) method produced results that were somewhat inconsistent, assigning only 895 of the 1015 (88 percent; Table 3 ) watersheds to the same groups.
In the past, large-scale environmental assessments based on GIS-generated metrics nearly always used raster methods, usually EXP. Even with the improvement in computer hardware and software, raster methods are still predominantly used for these types of studies, because they are substantially faster. Software limitations (Arc/Info imposes a file size limit of 2.1 GB) are more likely to prohibit the use of vector methods for large-scale studies because vector files tend to be much larger than comparable raster files.
Conclusion
Paired t-tests showed statistically significant differences for most of the metrics presented here. However, the t-test is fairly sensitive, and the Spearman r, AAD, and cluster analyses all indicate that differences between methods for most metrics may be insignificant to an assessment.
Unfortunately, there is no definitive answer as to what method should be used. For assessments based on rankings or groups, our results indicate that any of the methods are sufficient, with the EXP option being the least desirable. If highly accurate individual observations are required, vector methods should be employed when possible. Assessment needs will determine which processing method is appropriate for a given metric. When the reporting unit is large relative to the pixel size (e.g., LCP), the method will have little or no impact on the assessment and the raster method is preferred for its greater efficiency. For metrics that use a mix of raster and linear vector data (LCS, LCRZ, RDST, etc.), Spearman ranks, AAD, and cluster analyses all indicate that there are very small differences between methods for most metrics. For many assessments, the faster raster or hybrid methods will provide adequate results, especially when buffer size is large.
Metrics that require a buffer generated from linear features should avoid the EXP raster method because the expansion distance is not indicative of true buffer width. The EUC method provides better results with no increase in processing time. When the metric has a known area of influence, a vector or hybrid method should be used so that the buffer is accurately defined. Whichever method is used to generate buffers should be documented (see Riitters et al., 1996) , because the area included can vary substantially. Metrics that are entirely based on native vector data, such as RDST, have the largest differences between methods, and may require vector or hybrid methods. 
